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Abstract 

 

The possible existence of mixed MA/DMA lead bromide hybrid perovskites of general formula 

MA1-xDMAxPbBr3 (0 ≤ x ≤1) was investigated. A combined x-ray diffraction and solid-state 

NMR approach indicates that DMA can be incorporated up to about x = 0.30 while retaining 

the cubic lattice of MAPbBr3. By increasing the DMA-content (x) the absorption shows a 

progressive blue shift and the band-gap moves from about 2.17 eV (x = 0) to about 2.23 (x = 

0.30) with a concomitant slightly faster recombination in the mixed cation powders.  
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Introduction 

Mixed A-site cation hybrid perovskites of general formula ABX3 have recently attracted 

significant interest in the community due to very high efficiencies shown by the perovskites 

solar cells (PSC) which employ such semiconductor layers, exhibiting strong bandgap 

photoabsorption.1-4 The interest in such a mixed system is various and aims to tune their optical 

properties, improving their chemical stability and exploring their basic physical properties.5-8 

The most efficient mixed hybrid perovskites present two organic cations, usually 

methylammonium (MA) and formamidinium (FA), together with a inorganic monovalent 

cation, such as Cs+ or Rb+, on the A-site of the perovskite structure.9 Also the halide site is often 

mixed, with the iodide/bromide system being the most intensively explored.10 The wide 

tunability of perovskite crystal structure allowed a very rich compositional engineering research 

which has been object of intense studies in the last years.9  The main result is that the 

introduction of the mixing on A site cations and X site halide anions is the most promising 

approach to enhance the stability against phase separation/polymorphism in perovskite solar 

cells (PSSCs).1 The presence of MA/FA mixed cations is nowadays recognized as a key tool to 

improve the stability of the PSSCs as well as to extend the absorbance towards the infrared 

region.11 Other effective active layers are made of triple systems such as MA/FA/Cs, where Cs+ 

cation is thought, through entropy arguments, to further stabilize the perovskite structure. Cells 

made of a triple cation mixed (Cs/FA/MA)Pb(I/Br) system generated a power output of 

21.1%.12 On the other hand, the possible exploration of other mixed compositions is of current 

interest for the reasons reported above. In particular, the formation of MA-based mixed systems 

with bigger cations such as dimethylammonium (DMA) and/or trimethylammonium (TMA) 

has not yet been explored in the literature. In particular, there is a significant interest in 

investigating, DMA-based mixed systems. Indeed, it was recently realized that in solution-

processed methods, where dimethylformamide (DMF) is used as a solvent in presence of 
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halogenated acids, the dimethylammonium cation is formed, which may lead to the formation 

of DMAPbI3 and/or be included into the perovskite structure.13 Very recently, a first paper 

addressing the possible formation of mixed MA/DMAPbI3 system has been published.14 By 

means of solid state NMR, the authors demonstrate the possible incorporation of DMA up to 

about 15% into the MAPbI3 structure, with a beneficial effect on the photovoltaic cells 

performance.10 However, no specific structural and optical data are reported on the mixed 

compositions. Moreover, another recent work by Ke and co-workers pointed out that the all-

inorganic CsPbI3 stable perovskite, when synthesized in PSSCs with the use of HI, is, in fact, 

the hybrid perovskite Cs1-xDMAxPbI3.
15 In this work it was reported that the solubility limit of 

DMA in CsPbI3 reaches a value of about 0.5, and that solar cells based on the representative 

composition Cs0.7DMA0.3PbI3 can achieve an average power conversion of about 10%.15 

Coming to other halides, to the best of our knowledge, only the DMAPbBr3 system has 

been currently synthesized and investigated, while no information are available on MA/DMA 

mixed lead halide compositions.7 The study of these latter systems is also of basic interest to 

further test the applicability of the well-known tolerance factor (t) concept in the field of 

organic-inorganic hybrid perovskites.16 As a matter of fact, the DMA cation has an effective 

radius (rAeff) of about 272 pm, while the MA cation has a rAeff of about 217 pm.7,16  

Due to the motivations reported above, in the present paper we afforded the preparation 

and characterization of the MA1-xDMAxPbBr3 solid solution, with the aim to define the possible 

existence of this mixed system (and to which extent) and to determine its structural and physical 

properties. The two end members of the solid solution, namely MAPbBr3 and DMAPbBr3, show 

a cubic 3D perovskite structure (orange color) and a 2D hexagonal structure (white color), 

respectively.7 The tolerance factors of the two compounds, calculated on the basis of the 

following formula: 



 5 

𝑡 =
𝑟𝐴+𝑟𝐵

√2(𝑟𝐵+𝑟𝑋)
     (1) 

 

where rA, rB and rX are the ionic radii of the monovalent and bivalent cations, and of the halide, 

respectively, is 0.890 (MAPbBr3) and 1.01 (DMAPbBr3).
7,17 For values of t between 0.9 and 1 

a cubic perovskite is expected, while for values of t>1 an hexagonal non-perovskite structure is 

predicted, which is in agreement with the room-temperature crystal structures found for the two 

end members of the MA1-xDMAxPbBr3 system. All the intermediate compositions between x=0 

and x=1, based on formula (1) and the reported ionic radii, should lead to cubic perovskite 

compounds (see Table 1 in the Supporting Information).  

 In the following, we are going to provide evidence of the existence of mixed MA/DMA 

lead bromide samples, also establishing the solubility limit of DMA into MAPbBr3. The 

synthesized samples have been characterized by means of X-ray diffraction, solid-state NMR 

and optical spectroscopy. 
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Experimental Section 

 

For the synthesis of the samples of formula MA1-xDMAxPbBr3 (0 ≤x ≤1), a proper 

amount of Pb acetate is dissolved in an excess of HBr under nitrogen atmosphere and stirring. 

The solution is heated to 100 °C and the corresponding amine solution (25–40% in water) is 

added in the required molar amounts. Usually, a precipitate is formed immediately after the 

amine addition. The solution is then cooled down to 46 °C at 1 °C/min, and the precipitate is 

immediately filtered and dried under vacuum overnight. The crystal structure of the samples 

was characterized by room-temperature Cu-radiation powder X-ray diffraction (XRD) on a 

Bruker D8 diffractometer working in the Bregg-Brentano geometry. Scans were performed in 

the 10–90° range, with a step size of 0.02° and a counting time of 8 s/step. Data were fitted by 

a Le Bail method using the FullProf suite of programs.18  

Solid-state NMR measurements: Solid-state NMR spectra were acquired with a 

Bruker Avance II 400 Ultra Shield instrument, operating at 400.23 and 100.63 MHz, 

respectively for 1H and 13C nuclei. Powder samples were packed into cylindrical zirconia rotors 

with a 2.5 mm o.d. and a 14 L volume. A certain amount of sample was collected from each 

batch and used without further preparations to fill the rotor.  

13C CPMAS spectra were acquired at room temperature at a spinning speed of 10 kHz, 

using a ramp cross-polarization pulse sequence (90° 1H pulse = 2.5 s; contact time = 2 ms) 

with optimized recycle delays of 16 and 32 s for pure DMAPbBr3 and MAPbBr3, respectively 

and of 240 s (for the solid solutions), and a number of scans in the range 160-1840, depending 

on the sample. For each spectrum, a two-pulse phase modulation (TPPM) decoupling scheme 

was used with a radiofrequency field of 87.7 kHz. 1H MAS spectra were acquired at room 

temperature at a spinning speed of 32 kHz using a depth sequence, with a 90° 1H pulse of 2.5 

s optimized recycle delays (>5*T1 
1H) of 16 and 32 s (for pure DMAPbBr3 and MAPbBr3, 

respectively) and of 240 s (for the solid solutions), and a number of scans of 16. The 1H and 

https://www.sciencedirect.com/topics/chemistry/acetate
https://www.sciencedirect.com/topics/chemistry/amine
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13C chemical shift scales were calibrated through the 1H signal of external standard adamantane 

at 1.87 ppm and the 13C methylenic signal of external standard glycine at 43.7 ppm. 

Optical properties measurements: Diffused reflectance (R) measurements were performed  

by using an Agilent Cary 5000 UV-Vis-NIR spectrometer. Time-resolved photoluminescence. 

Samples were excited by a regenerative amplifier laser (Coherent Libra) delivering 100-fs-long 

pulses at a repetition rate of 1 KHz. Photoluminescence was dispersed with a grating 

spectrometer (Princeton Instruments Acton SpectraPro 2300i equipped with a 50 gr/mm grating 

blazed at 600 nm), dispersed and detected by a streak camera (Hamamatsu) 

Steady-state photoluminescence spectra for the bulk samples in solid state were obtained at 

room temperature on a Varian Cary Eclipse Fluorescence spectrophotometer with an excitation 

wavelength set at 550 nm. 
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Results and Discussion 

 

 We attempted the synthesis of samples of the MA1-xDMAxPbBr3 system for x = 0, 0.05, 

0.15, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1. A picture of the appearance of the samples is reported 

in Figure 1. 

 

 

Figure 1. Appearance of the samples of the MA1-xDMAxPbBr3 system for x = 0, 0.05, 0.15, 0.3, 0.4, 

0.5, 0.6, 0.7, 0.8, 0.9 and 1 (from left to right).  

 

 As can be seen, MAPbBr3 (first sample from the left) presents the typical orange colour, 

being characterized by a band-gap around 2.20 eV, while the DMAPbBr3 sample (last sample 

on the right) is white, according to its band-gap of about 3.03 eV.7 A progressive change of 

colour from x = 0 is observed, with the intermediate powders being yellow. Such trend visually 

suggests a progressive variation of the chemical composition of the samples prepared which 

has been investigated in the following. First of all, x-ray diffraction (XRD) measurements 

were performed on all the synthesized samples and are reported in Figure 2a.  

 

MAPbBr3 DMAPbBr3 
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Figure 2. a) XRD patterns of the samples of the MA1-xDMAxPbBr3 system for x = 0, 0.05, 0.15, 0.3, 

0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1; b) Cell volume trend vs x.  

 

MAPbBr3 is characterized by a cubic structure (space group: Pm-3m) while DMAPbBr3 

shows by an hexagonal structure (space group: P63/mmc) as previously determined from single-

crystal XRD data.7 Intermediate compositions, with the resolution provided by the present 

laboratory XRD data, appear to be single-phase up to about x = 0.6. On the other hand, for x = 

0.7, 0.8 and 0.9, two-phase systems are clearly found (stressed by the red circle highlighting 

the hexagonal DMAPbBr3 phase in the patterns). The single-phase compositions resulted to 

have the same cubic structure as MAPbBr3, according to the Rietveld refinement of the patterns 

(vertical bars of the Pm-3m cubic structure reported at the bottom of Figure 2a). By increasing 

the DMA content, the peaks tend to shift to lower angles up to about ~ 0.3, together with an 

increase of the Full Width at Half Maximum (FWHM).  

From the analysis of the XRD data, the cell volume was determined as a function of the 

DMA content (x) and is reported in Figure 2b. In the Figure, the results for the samples which 

appear to be single-phase from the patterns are shown. As can be appreciated from the trend of 

lattice volume (V) as a function of x (DMA content), a linear trend, according to Vegard’s law 

of solid solutions, is found up to x = 0.3. After this composition, the cell volume variation 
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flattens and results to be within the standard deviation. This is strong proof that the real 

solubility of bigger DMA into the MAPbBr3 structure is effective only to a DMA content 

around 0.3, in spite of a tolerance factor prediction of a wider solid solubility. The cell volume 

in the single-phase region (marked with a vertical dashed line) increases from about 208.2 Å3 

(x = 0) to about 211.2 Å3 (x = 0.3) (lattice volume values for all the samples are reported in the 

SI). 

To get further insight into the real composition of the present samples, we performed 

solid-state NMR, in an analogous way to our previous and pioneering approach to mixed cation 

systems.19,20 Indeed, thanks to its multinuclear approach, solid-state NMR has been widely used 

to characterize lead halide perovskites in both bulk and thin film form.15,21 Such technique 

results to be of pivotal importance in defining the effective stoichiometry of mixed organic 

cation systems as well as in probing the cation dynamics.22 In the present case, it was a key tool 

in defining the limits of the existence of the MA1-xDMAxPbBr3 solid solution by means of 1H 

MAS and 13C CPMAS spectra. 1H and 13C chemical shifts are listed in Table 1. The 1H MAS 

spectra of MAPbBr3, DMAPbBr3 and of the solid solutions with x = 0.15, 0.3 and 0.6 are 

reported in Figure 3. The 1H MAS spectrum of MAPbBr3 is characterized by two resonances at 

3.0 and 6.0 ppm with ratio of 1:1 for the -CH3 and -NH3
+ protons, respectively. The spectrum 

of DMAPbBr3 is very similar to that of MAPbBr3, with a difference in chemical shifts of 0.1 

ppm for both resonances and in the signal ratio of 3:1 for the -(CH3)2 and -NH2
+ protons. The 

composition of the solid solutions with x = 0.15, 0.3 and 0.6 (synthetic ratio) has been evaluated 

from the peak integral values (see Table 1) of the corresponding spectra. As reported in Table 

1, the integral values are remarkably consistent for the compositions with x = 0.15. On the other 

hand, the sample with x = 0.3 and 0.6 results with only a 21.6 and 22.9% of DMA, respectively 
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Table 1: 1H and 13C chemical shifts (ppm) with integral values and experimental x value (%) 

for the MA1-xDMAxPbBr3 system for x=0, 0.15, 0.3, 0.6 and 1. The estimated error in the 

experimental x value is 1.2 and 2.4% for 1H and 13C data, respectively. 

1H MAS SSNMR 

 MAPbBr3 (x = 0) DMAPbBr3 (x = 1) x = 0.15 x = 0.3 x = 0.6 

Methyl δ (ppm) 3.0 3.1 3.0 3.0 3.0 

Ammonium δ (ppm) 6.0 6.1 6.0 6.0 6.0 

Methyl integral value 1 3 1.23 1.31 1.33 

Ammonium integral value 1 1 1 1 1 

Experimental x value (%) 0 100 16.3 21.6 22.9 
13C CPMAS SSNMR 

 MAPbBr3 (x = 0) DMAPbBr3 (x = 1) x = 0.15 x = 0.3 x = 0.6 

MA δ (ppm) 29.9 - 29.9 29.9 29.9 

DMA δ (ppm) - 40.3 41.3 41.3 41.3 

MA integral value 1 - 3.17 1.92 1.69 

DMA integral value - 1 1 1 1 

Experimental x value (%) 0 100 13.6 20.7 22.8 
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Figure 3. 1H (400.23 MHz) MAS spectra of the MA1-xDMAxPbBr3 system for x=0, 0.15, 

0.3, 0.6 and 1, recorded at 32 kHz. Red and blue regions highlight the resonances of the methyl 

and ammonium protons, respectively. Integral values for the solid solutions are also reported. 

 

A similar analysis has been performed by 13C CPMAS spectra (Figure 4). In this case, 

MAPbBr3 and DMAPbBr3 are characterized by signals at very different chemical shifts: 29.9 

and 40.3 ppm for MA and DMA, respectively, providing a very simple way to detect their 

concomitant presence. Interestingly, in the solid solutions the DMA signal slightly shifts with 

respect to pure DMAPbBr3 probably because of the environment variation. Although the 

CPMAS technique is not completely quantitative, as the signal intensity depends on both TXH 

(cross-polarization rate) and T1
H (proton spin-lattice relaxation in the rotating frame), we 

performed a quantitative analysis also on the 13C spectra. By assuming very similar cross-

polarization rates and T1
H for the MA and DMA cations, the semi-quantitative analysis (see 

Table 1) results comparable with the fully quantitative 1H approach. Thus, both 1H and 13C 

solid-state NMR data show that the maximum solubility limit of DMA in (MA/DMA)PbBr3 

mixed cation hybrid perovskites is reached with x  0.23. 
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Figure 4. 13C (100.63 MHz) CPMAS spectra of the MA1-xDMAxPbBr3 system for x=0, 0.15, 

0.3, 0.6 and 1, recorded at 10 kHz. Green and orange regions highlight the resonances of the methyl 

groups for MAPbBr3 and DMAPbBr3, respectively. Integral values for the solid solutions are also 

reported. 

 

 

The optical properties of the single-phase samples (0 ≤ x ≤ 0.3) have been measured by 

means of Diffuse Reflectance spectroscopy (DRS) and photoluminescence (PL). Figure 5 

shows the absorption spectra of the MA1-xDMAxPbBr3 samples as a function of wavelength. A 

small while progressive blue-shift can be seen by increasing the amount of bigger DMA cations, 

which may be essentially related to the overall increase of the lattice volume, since the organic 

cation does not contribute to the electronic structure of the hybrid perovskites.14 The band-gap 

determined from the DRS data shows an overall variation from 2.17 eV (x = 0) to 2.23 eV (x = 

0.3), in agreement with the colour change of the samples (Figure 1). A similar blue shift is also 
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observed in the PL spectra, as shown in Fig. 5b.  The PL intensity shows a multiexponential 

decay in all the samples, with a slightly faster recombination in the mixed cation powders (see 

Figure 2 of SI).  A further confirm, together with the solid-state NMR data, of the solubility 

limit around x = 0.3, comes from the fact that all the DRS spectra above this composition are 

superimposable with each other up to this DMA-content value (see Figure 1 in the SI).  

 

Figure 5. a) Diffuse reflectance spectra for the samples of the MA1-xDMAxPbBr3 system for x = 0, 

0.05, 0.15, 0.3; b) PL spectra of the MA1-xDMAxPbBr3 system for x = 0, 0.15, 0.3. 

 

 The overall variation of the band-gap of about 50 meV passing from MAPbBr3 to 

MA0.70DMA0.30PbBr3 is in general agreement with the shift observed, for example, in the 

MA/FA mixed system for analogous mixed cation stoichiometries.14 In addition, there is a 

linear scaling of the Eg value with the lattice volume, suggesting the predominance of structural 

effects on the optical properties variations observed in the PL. However, it should be noted that 

the agreement is in terms of absolute value of the band-gap shift but, contrary to other systems, 

by increasing the unit cell volume the mixed MA/DMA perovskites show a blue-shift instead 

of a red-shift.23 It is not obvious to understand the origin of this peculiar behaviour which has 

been observed in few systems (mainly as a function of temperature) and assigned to possible 

effects on the electronic structure.24 Also recent bonding analysis in metal halide perovskites 
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discussed the energy-gap trend in relation to the nature and magnitude of chemical bonding 

instead of ion-size derived approaches which demands for a detailed electronic structure 

analysis of the present system as a future object.25  

It should be noted that even though the blue-shift observed up to the DMA solubility limit is 

not very big, that is enough to deeply change the absorption and the emission properties of the 

MAPbBr3 lattice, including also a reduction of the carrier life-time. This means that great care 

should be taken when dealing with solution-based film preparation methods employing DMF 

as a solvent since a relatively extended solubility of DMA is found in methylammonium lead 

bromide which may in turn affect the optical properties of the photovoltaic active layer. 
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Conclusions 

 In the present paper the possible formation of mixed (MA/DMA)PbBr3 compositions 

has been explored in the bulk form. The reported results indicate that the system is single-phase, 

with a cubic symmetry peculiar of MAPbBr3, for DMA contents up to 30%. Above this 

threshold, DMA cannot be incorporated anymore in the lattice, as demonstrated by solid-state 

NMR, giving also origin to clear two-phase compositions starting from x=0.60 in the MA1-

xDMAxPbBr3 system. The retention of a cubic lattice for mixed MA/DMA compositions is in 

agreement with the trend of tolerance factor, which however cannot explain the existence of a 

limited solubility range on the basis of pure geometrical considerations. The optical properties 

show a progressive blue-shift by increasing the DMA content coupled to a slightly reduced 

carrier lifetime in the mixed cation compositions. Such blue-shift accompanying the 

incorporation of a bigger cation (DMA) differs from the usual trend found in mixed cations 

hybrid perovskites, indicating a possible impact on the electronic structure. In recent times there 

has been a strong evidence that, when employing DMF as solvent in the solution-based methods 

for films growth, together with concentrated HX acids, there is a tendency towards the 

formation of DMA cations and their possible incorporation into the hybrid perovskite lattice. 

This paper reports the evidence of DMA solubility in the MAPbBr3 hybrid perovskite to a 

relevant extent, which should be taken into account when analysing the properties of films 

prepared as reported above.  
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The possible incorporation of 

dimethylammonium (DMA) cation into the 

MAPbBr3 hybrid perovskite has been studied 

for the first time. It has been found that DMA 

can be present up to 30% forming a mixed 

MA/DMA perovskite with a cubic structure. A 

progressive blue-shift of the band-gap is 

observed along with the DMA incorporation. 

 

 


